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Executive  Summary 


IBIS  Associates  has  updated  its  predictive  spreadsheet  models  of  the  DC  aicjet  and 
microwave  chemical  vapor  deposition  (CVD)  diamond  technologies.  This  report 
presents  the  results  obtained  with  the  new  models  and  revised  sets  of  baseline  inputs  for 
diamond  heat  sink  manufacture.  The  cost  of  producing  1,000  polished  diamond  wafers, 
1  mm  thick,  is  estimated  in  the  long  run  to  be  $23.70  per  square  centimeter  by  the  DC 
arcjet  deposition  technology  (six  inch  diameter),  and  $8.49  per  square  centimeter  by  the 
microwave  deposition  technology  (sixteen  inch  diameter). 


Fifty-one  percent  of  the  DC  arcjet  cost  is  due  to  the  deposition  step,  which  consumes 
process  gases  and  is  capital  intensive.  Overall,  the  material  cost  of  31.2%  and  labor 
cost  of  30.2%  are  significant  factors  in  t^e  total  cost. 


Eighty-seven  percent  of  the  microwave  cost  is  due  to  the  deposition  step,  which  is 
capital  intensive.  Overall,  the  equipment  cost  of  37.9%  and  the  material,  utility  and 
maintenance  costs  each  at  about  15.5%  are  significant  factors  in  the  total  cost 


The  major  revision  of  the  DC  Arcjet  Model  is  the  inclusion  of  the  kinetic  theory  of  DC 
arcjet  deposition  into  the  model.  According  to  the  model  based  on  this  theory,  the  key 
factors  driving  the  cost  of  thermal  management  diamond  produced  by  the  DC  arcjet 
technology  are  the  gas  temperature,  the  power  of  the  reactor,  and  the  substrate  diameter. 
It  is  shown  that  maximizing  the  gas  temperature  is  critical  to  reducing  the  cost  of  the 
diamond  wafer  due  to  its  dramatic  effect  on  growth  rate. 


The  major  revision  of  the  Microwave  Model  is  the  incorporation  of  similar  theory  of 
deposition  kinetics,  adapted  to  the  typical  conditions  of  microwave  deposition. 
According  to  the  model,  the  key  factor  driving  the  cost  of  thermal  management  diamond 
produced  by  the  microwave  technology  is  the  power  of  the  reactor.  The  reactor  power 
has  such  a  strong  effect  on  cost  because  it  affects  both  the  linear  growth  rate  and  the 
plasma  ball  diameter.  There  are  two  inputs  to  the  diffusion  model  which  have  a  strong 
effect  on  the  deposition  cost.  Research  in  the  area  of  those  inputs,  the  surface 
recombination  of  hydrogen  at  the  substrate  and  the  plasma  ball  skew  or  shape  factor, 
has  not  advanced  far  enough  to  predict  these  input  values  reliably.  The  values  for  these 
inputs  in  the  current  version  of  the  model  were  reported  to  IBIS  as  typical  values  by 
Professor  David  Goodwin  at  the  California  Institute  of  Technology. 
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To  be  investigated  further  are  the  relationships  between  diamond  growth  rate  and 
process  yield  for  both  the  DC  arcjet  and  microwave  technologies.  It  is  expected  that  as 
the  growth  rate  increases,  the  yield  decreases;  yet  a  specific  relation  between  these 
factors  is  unknown.  Similarly,  the  relationship  between  substrate  diameter  and  yield 
requires  further  investigation,  due  to  the  known  comphcations  with  the  increase  of  this 
parameter.  Lastly,  expert  approval  of  the  models  is  continually  in  progress. 
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Modeling  Progress 


The  seven  steps  for  the  fabrication  of  diamond  film  are  Siuface  Preparation,  Deposition, 
Etching,  Laser  Trimming,  Lapping,  Microscopic  Inspection,  and  Thermal  Conductivity 
Inspection.  The  flowchart  for  the  process  is  shown  in  Figure  1,  and  descriptions  for  the 
processes  that  existed  before  this  quarter  can  be  obtained  from  previous  quarterly 
reports. 


The  progress  of  the  CVD  diamond  thin  film  models  has  involved  both  deposition 
improvements  and  the  addition  of  the  secondary  operation  of  laser  trimming.  The 
changes  to  the  deposition  steps  are  described  later  in  this  report,  and  the  laser  trimming 
operation  is  described  in  the  following  section. 

Laser  Trimming 

During  the  deposition  process,  the  gas  plasma  deposits  diamond  around  the  edges  of  the 
deposition  substrate,  causing  low  quality  diamond  to  form  on  the  periphery  of  the 
desired  area.  Through  laser  trimming,  the  final  shape  of  the  diamond  wafer  can  be  cut, 
removing  excess  material.  This  process  is  usually  performed  one  wafer  at  a  time. 


Figure  1 
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PC  Arcjet  Model _ 

The  progress  of  the  DC  Arcjet  Model,  as  stated  above,  has  involved  the  incoiporation  of 
deposition  theory  and  a  laser  trimming  step  into  the  cost  model.  The  incorporation  of 
the  theory  has  been  accomplished  with  the  help  of  Professor  David  Goodwin  of  Caltech 
and  Dr.  Richard  Woodin  of  Technion.  Subsequent  progress  by  IBIS  has  been  the 
conducting  of  analyses  with  the  new  model  and  soliciting  expert  review  for  its  approval. 
A  printout  of  the  model  is  included  in  Appendix  A,  and  the  new  deposition  operation  in 
the  model  are  described  in  the  following  section. 

Description  of  the  DC  Arcjet  Deposition  Theory 

A  theory  of  the  physics  and  chemistry  involved  in  the  chemical  vapor  deposition  of 
diamond  by  means  of  convective  flows  has  been  developed  by  Professor  David 
Goodwin  and  Dr.  Richard  L.  Woodin.  With  the  help  of  Professor  Goodwin  and  Dr. 
Woodin,  IBIS  Associates  has  successfully  incorporated  this  theory  into  a  Technical  Cost 
Model  for  the  manufacture  of  CVD  diamond  using  the  DC  arcjet  technology. 


Figure  2  shows  the  two  steps  involved  in  modeling  the  linear  growth  rate  of  diamond, 
the  basis  of  the  theory  being  that  the  linear  growth  rate  of  diamond  is  proportional  to  the 
square  of  the  concentration  of  atomic  hydrogen  at  the  growth  surface.  First,  an  energy 
balance  from  the  input  parameters  determines  the  concentration  of  atomic  hydrogen  in 
the  gas  jet,  then  a  boundary  layer  calculation  leads  to  the  determination  of  atomic 
hydrogen  concentration  at  the  substrate. 


An  energy  balance  of  the  gas  jet  physical  and  chemical  reactions  determines  an 
equilibrium  value  for  either  the  inlet  gas  temperature  or  the  inlet  gas  volumetric  flow 
rate,  as  well  as  the  mole  firaction  of  atomic  hydrogen  in  this  hot  gas  stream.  The  input 
side  of  the  energy  balance  contains  the  power  that  is  impaned  to  the  gas  by  the  DC  arc 
power  source.  The  output  side  of  the  energy  balance  contains  the  mean  specific 
enthalpy  of  the  gas  mixture  plus  the  kinetic  energy  of  the  gas  stream. 


The  mole  fractions  in  the  gas  mixture  are  calculated  from  gas  flow  rates  (an  input),  the 
pressure  inside  the  reactor  (an  input),  the  heat,  entropy  and  free  energy  of  reaction  for 
the  conversion  of  molecular  hydrogen  to  atomic  hydrogen.  The  heat,  entropy  and  free 
energy  of  the  reaction  are  determined  from  the  temperature  of  the  gas  mix,  the  ideal  gas 
constant  and  NASA  enthalpy  constants. 
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The  gas  velocity  is  calculated  using  the  mass  flow  rate  (which  was  calculated  for  the 
input  side  of  the  energy  balance  equation),  the  area  of  the  gas  duct  (an  input),  the  ideal 
gas  constant,  the  temperature  of  the  gas  mix  (an  input),  the  pressure  inside  the  reactor 
(an  input)  and  the  mean  molecular  weight 


Given  the  mole  fraction  of  atomic  hydrogen  and  the  gas  velocity,  boundary  layer 
transport  theories  are  employed  to  determine  the  flux  of  hydrogen  to  the  surface. 
Diamond  deposition  theory  indicates  that  the  linear  growth  rate  is  proportional  to  the 
concentration  of  atomic  hydrogen  at  the  substrate  raised  to  some  power  between  one 
and  two.  Using  assumed  values  for  growth  rate,  power  and  gas  flow,  a  proportionality 
constant  was  found  for  the  atomic  hydrogen  concentration  exponent  of  two. 


Linear  growth  rate  is  converted  to  a  mass  growth  rate  by  assuming  uniform  growth 
across  the  surface.  Mass  growth  rate  is  critical  to  the  DC  Arcjet  Model  because  it  has 
great  impact  on  the  costs  for  the  deposition  operation. 
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Sensitivity  Anaiysis 


One  of  the  advantages  of  a  Technical  Cost  Model  is  that  it  permits  the  flexibility  of 
performing  sensitivity  analyses.  Using  sensitivity  analyses,  it  is  possible  to  explore  the 
cost  implications  of  changing  key  input  variables  such  as  production  volume,  material 
prices,  product  dimensions,  etc.  As  an  R&D  management  tool,  these  analyses  help  set 
development  goals  for  cost  effective  manufacturing.  Further,  they  help  in  long  term 
planning,  by  indicating  the  cost  savings  that  may  be  realized  through  scale-up. 
Presented  in  the  following  sections  are  the  following  analyses: 

•  Cost  vs  Gas  Temperature  and  Substrate  Area 

•  Cost  vs  Reactor  Power  and  Substrate  Area 

•  Cost  vs  Substrate  Area  (Constant  Duct  Area) 

With  the  exception  of  the  last  sensitivity,  the  ratio  of  substrate  to  duct  area  is  held 
constant.  This  constraint  is  due  to  the  geometry  of  the  DC  arcjet  methodology.  The 
area  of  the  gas  duct  is  the  cross-sectional  area  of  the  plasma  jet  before  it  is  affected  by 
the  flow  pattern  around  the  substrate.  For  a  DC  arcjet  CVD  diamond  plasma  jet  with  a 
corresponding  duct  area  impinging  on  an  infinite  plane,  there  will  be  a  circular  region  of 
desirable  diamond  and  a  surrounding  region  of  unacceptable  diamond.  Consider  the 
similar  case  of  a  gas  jet  impinging  on  a  substrate  of  the  same  area.  As  a  substrate 
diameter  increases  while  the  duct  diameter  remains  constant,  there  is  a  point  at  which 
the  substrate  extends  into  this  zone  of  unacceptable  diamond.  Therefore,  there  is  a 
maximum  substrate.duct  area  ratio  that  should  not  be  exceeded.  Experts  in  DC  arcjet 
CVD  diamond  suggest  that  this  ratio  is  roughly  3:1.  When  the  substrate  diameter  is 
varied  in  the  following  analyses,  the  duct  diameter  is  adjusted  sc  that  the  ratio  of 
substrate  to  duct  area  is  constant  at  three. 

Wafer  Cost  per  ^uare  Centimeter  vs  Gas  Temperature  and  Area 

Figure  3  shows  the  cost  per  square  centimeter  as  the  gas  temperature  for  the  production 
run  is  varied  for  a  range  of  wafer  sizes,  holding  the  substrate  to  duct  area  ratio  (three) 
and  reactor  power  (200  kW)  constant.  The  graph  shows  that  as  the  gas  temperature 
increases,  the  cost  of  depositing  a  square  centimeter  of  diamond  decreases.  The  cost 
savings  for  increasing  temperature  are  most  dramatic  at  the  lower  end  of  the  temperature 
range  examined;  a  slight  increase  in  temperature  can  result  in  a  relatively  large  cost 
savings.  At  the  high  end  of  the  temperature  range  there  is  little  cost  savings  for  slight 
increases  in  temperature.  The  equation  shows  the  best  fit  for  the  area  cost  versus 
temperature  and  substrate  area.  This  data  regression  shows  that  cost  is  inversely 
proportional  to  the  temperature  raised  to  the  5.45  power  multiplied  by  substrate  area 
raised  to  the  0.72  power.  This  relationship  suggests  that  gas  temperature  is  a  variable  of 
primary  importance  in  the  deposition  process:  an  increase  in  temperature  over  the  range 
in  Figure  3  for  the  baseline  diameter  results  in  a  cost  reduction  of  54%. 
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Cost  vs  Gas  Temperature  and  Area 


SubstraterDuct  Ratio  =  3 
Reactor  Power  =  200  kW 
Cost  =  6.61E21  X  Area'^-0.72  x  Temp^-5.45  +7.30 


Figure  3 
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Figure  3  also  shows  the  relationship  between  cost  and  substrate  area.  Over  the  range  of 
temperatures  exa-rined,  the  cost  of  depositing  diamond  decreases  with  increasing  wafer 
sizes.  The  ’r"portance  of  increasing  the  substrate  area  is  evident  toward  the  higher 
temperati  ^  where  the  slope  of  decreasing  cost  is  more  dramatic.  For  the  range  of 
substrate  areas  and  at  baseline  temperature,  the  cost  is  reduced  by  56%.  Overall,  a  75% 
reduction  in  cost  ($65  to  $16  per  square  centimeter)  can  occur  by  increasing  both  the 
gas  temperature  from  2,7(X)K  to  3.000K  and  the  substrate  area  from  50  to  200  square 
centimeters. 

Wafer  Cost  per  Square  Centimeter  vs  Reactor  Power  and  Area 

Figure  4  shows  the  dependence  of  cost  on  reactor  power  and  substrate  area,  holding  the 
substrate  to  duct  area  ratio  (three)  and  the  gas  temperature  (3,0(X)  K)  constant.  The  cost 
model  reports  that  at  our  baseline  data  set,  cost  per  square  centimeter  is  inversely 
proportional  to  reactor  power  raised  to  the  0.28  power.  This  graph  suggests  that  cost 
savings  due  to  a  small  increase  in  power  are  much  greater  in  the  lower  end  of  the  power 
range  examined  than  in  the  higher  end:  there  are  diminishing  returns  on  increasing 
power  in  the  higher  end  of  the  range  examined.  At  constant  gas  temperature  and  area, 
the  mach  number  of  the  gas  flow  is  nearly  directly  proportional  to  reactor  power. 
Therefore,  this  graph  could  also  represent  the  behavior  of  cost  as  the  mach  number  is 
increased  while  keeping  the  temperature  constant.  A  closer  look  at  the  model  reveals 
that  at  constant  temperatiue,  an  increase  in  reactor  power  will  further  heat  the  gas  mix. 
To  sustain  a  constant  gas  temperature,  the  gas  flow  rate  (mach  number)  must  also 
increase  to  allow  more  gas  to  pass  through  the  system  to  absorb  the  power  increase. 
The  lower  cost  per  square  centimeter  and  higher  deposition  rates  of  higher  power 
reactors,  at  constant  temperature,  can  be  attributed  directly  to  higher  mach  numbers. 

Deposition  Cost  per  Square  Centimeter  vs  Substrate  Area  (Constant  Duct 
Area) 

Figure  5  recasts  the  data  from  Figure  3  at  200  kW  showing  the  relationship  between 
substrate  area  and  cost  for  two  cases:  with  duct  area  held  constant  at  58  square 
centimeters,  and  with  the  substrate  to  duct  area  ratio  maintained  at  three.  This  graph 
suggests  that  great  cost  reductions  may  be  accomplished  by  increasing  the  substrate 
area,  especially  at  the  low  end  of  the  area  range  examined. 


For  the  curve  with  constant  duct  area  in  Figure  5,  the  largest  valid  substrate  area  is 
roughly  180  sq  cm.  This  upper  limit  is  determined  from  the  assumption  that  the 
substrate:duct  area  ratio  should  not  be  greater  than  three,  and  the  assumption  of  58 
square  centimeters  as  the  baseline  duct  area.  At  the  baseline  gas  temperature  of  3,000K 
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Cost  vs  Substrate  Area 


Reactor  Power  =  200  kW 
Gas  Temperature  =  3,000  K 


Figure  5 

and  reactor  power  of  200kW,  the  majority  of  cost  reduction  occurs  while  the  substrate 
area  is  varying  below  this  theoretical  limit.  The  equation  for  this  curve  reveals  that  the 
cost  varies  inversely  with  the  area  raised  to  the  0.83  power,  and  that  the  cost  approaches 
zero  as  the  diameter  nears  a  kilometer.  Obviously,  this  diameter  is  infeasible,  especially 
for  such  a  duct  area.  The  economics  of  substrate  scale-up  can  be  better  examined  by 
increasing  the  duct  area  with  the  substrate  area  to  maintain  a  constant  ratio. 


Figure  5  also  shows  the  result  of  this  investigation  by  varying  the  substrate  diameter 
while  holding  the  substraterduct  ratio  and  gas  temperature  constant.  From  this  graph,  it 
is  apparent  that  increasing  the  substrate  area  reduces  cost  significantly,  even  with  the 
substraterduct  area  ratio  maintained  at  three.  At  the  200  kW  baseline  power,  the  cost 
per  square  centimeter  varies  inversely  with  the  substrate  area  raised  to  the  2.01  power. 
For  this  graph,  the  cost  reduces  by  75%  over  the  range  of  areas  examined. 
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Future  Work 


Working  towards  a  more  powerful  version  of  the  DC  Arcjet  Model,  a  few  goals  remain. 
First,  expen  review  is  in  progress  and  will  continue  for  the  duration  of  the  project. 
Second,  as  mentioned  in  the  Executive  Summary,  work  remains  in  establishing 
correlations  between  growth  rate  and  yield,  and  substrate  diameter  and  yield.  Lastly, 
investigations  into  alternative  firushing  technologies  continue,  with  the  goal  of 
identifying  preferable  techniques. 
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Microwave  Model 


The  progress  of  the  Microwave  Model  has  involved  the  incorporation  of  deposition 
theory  into  the  cost  model.  This  has  been  accomplished  with  the  help  of  Professor 
David  Goodwin  of  Caltech.  Based  on  expert  review  of  the  microwave  deposition 
theory,  however,  two  versions  of  the  EBIS  Microwave  CVD  Diamond  Technical  Cost 
Model  were  developed:  one  model  which  uses  the  empirical  relationship  between 
growth  rate  and  input  microwave  power  only  (printout  in  Appendix  B),  and  one  model 
which  uses  the  hydrogen  diffusion  theory  to  determine  growth  rate  (printout  in 
Appendix  C).  IBIS  has  been  conducting  analyses  with  both  models  and  soliciting 
expert  review  for  their  approval.  The  descriptions  of  microwave  deposition  and  the 
diffusion  theory  are  in  the  following  sections. 

Microwave  Deposition 

The  microwave  deposition  operation  involves  the  formation  of  the  diamond  film.  The 
diamond  growing  substrate  is  mounted  on  a  heated  fixture  perpendicular  to  the  direction 
of  flow  in  a  gas  flow  mbe  (usually  quartz),  which  is  at  a  controlled  pressure.  The 
microwave  generator  is  affixed  outside  of  the  sealed  gas  flow  tube  such  that  the  tube’s 
cross-sectional  volume  of  energized  gas  is  close  to  the  substrate.  The  generator  itself  is 
contained  in  a  radiation-proof  jacket  for  safety  considerations.  A  controlled  mix  of 
gases  passes  through  the  reaction  chamber,  and  the  frequency  (usually  about  2.45  GHz) 
is  set  so  as  to  excite  the  gas  into  a  plasma.  The  diamond  then  grows  on  the  substrate, 
which  is  positioned  on  the  periphery  of  the  plasma  ball.  The  relationship  between  this 
diamond  growth  rate  and  the  deposition  parameters  is  described  in  the  next  section. 

Application  of  Zero-Order  Hydrogen  Piasma  Diffusion  Theory  to  the  Model 

This  section  outlines  a  reduced  mechanism  for  diamond  growth  which  leads  to  a 
closed-form  expression  for  the  growth  rate  in  terms  of  the  local  chemical  environment  at 
the  substrate.  The  issue  of  atomic  hydrogen  transport  to  the  substrate  is  considered  in 
depth  and  relations  are  presented  to  allow  the  rapid  estimation  of  the  H  concentration  at 
the  substrate  for  specified  process  parameters  in  diffusion-dominated  flows. 


This  model  assumes: 

—  One  dimensional  dijfusion 
—  No  convective  transport  (Pe«l) 

—  Neglect  temperative  gradients 

—  Constant  atomic  hydrogen  volumetric  production  rate  in  the  plasma 
—  Fraction  of  absorbed  power  used  to  dissociate  H2 
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—  Negligible  homogeneous  recombination  of  H  to  H2 
Consider  the  following  geometry; 


where  L  is  the  distance  from  the  substrate  to  the  "center"  of  the  plasma  and  Ch-  is  the 
atomic  hydrogen  concentration.  The  "center"  of  the  plasma  is  defined  such  that: 

dCH- 
dy 
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And  the  H  concentration  can  be  described  by 


Let  Ch  =  H  concentration  (moles/cm3),  then  the  1-D  diffusion  equation  is 

dy 

Where  D  is  the  diffusion  coefficient  (m  /s)  and  Ph  is  the  H  volumetnc  production  rate. 

Boundary  Conditions 

Substrate: 

Due  to  the  conservation  of  mass,  the  flux  of  H  to  surface  is  equal  to  the  recombination 
rate.  At  the  substrate,  the  conservation  of  mass  can  be  described  by 


r  fiw  f 

Ch(0)-- 


y  =  0 


=  0 


where  Xh-  is  defined  as  defined  as  4D  /  Vtf  is  the  mean  thermal  speed)  and  y  is 
the  recombination  coefficient. 
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Center: 


From  our  defiiiition  of  L,  the  change  of  H  concentration  at  the  center  of  the  plasma  ball 
is 


Solution  of  the  1-D  Diffusion  Equation 


The  solution  to  the  1-D  diffusion  subject  to  the  boundary  conditions  is 
«  ,  ,  P’h-  ,  Ah-  , 

CH(y)  =  -5-  Ly--^  +  YL 

And  at  y=0 


Ch.(0)  = 


4  P'h-  L 

WY 


where  W  is  the  power  coupled  to  the  plasma,  V  is  the  plasma  volume,  AH  is  the 
enthalpy  of  reacdor  for  H2  >  H  and  e  is  the  efficiency  factor  to  account  for  power  lost 
to  line  radiation  or  utner  losses. 
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Assume  that  V  =  f  A  L  where  A  is  the  plasma  ball  footprint  or  deposition  area,  which  is 
a  function  of  power  at  a  given  pressure,  L  is  the  height  of  the  center  of  the  plasma  ball 
and  f  is  a  geometrical  factor  that  defines  the  relationship  between  the  physical  center  of 
the  plasma  and  the  center  as  determined  by  the  zero  Ch-  gradient: 


Substituting  the  H  volumetric  production  rate  into  the  1-D  diffusion  equation  results  in 


Ch  (0) 


4£W 
VfTyf  A  AH 


A  comparison  between  an  estimate  of  H  concentration  and  a  data  point  provided  by 
Hsu^  results  in  a  value  of  0.2  for  the  efficiency  factor  e. 


Once  the  atomic  hydrogen  concentration  at  the  substrate  has  been  calculated  then  the 
linear  growth  rate  can  be  estimated  by 

Linear  Growth  Rate  =  z  [  Ch-  (0)  ] " 

Where  z  is  a  calibration  factor  and  n  is  between  1  and  2. 


1  Hsu,  J.  Appl.  Phys.  72,  3102-3109,  (1992) 
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Future  Work 


Working  towards  a  more  powerful  version  of  the  Microwave  Model,  a  few  goals 
remain.  First,  expert  review  is  in  progress  and  will  continue  for  the  duration  of  the 
project  Second,  as  mentioned  in  the  Executive  Summary,  work  remains  in  establishing 
correlations  between  growth  rate  and  yield,  and  substrate  diameter  and  yield.  Third,  an 
investigation  into  the  cost  of  new  microwave  tube  prices  and  issues  of  mbe  reusability  is 
currently  being  conducted.  Lastly,  investigations  into  alternative  finishing  technologies 
continue,  with  the  goal  of  identifying  preferable  techniques. 

Sensitivity  Anaiysis 

For  the  diffusion  version  of  the  model,  two  sensitivity  analyses  are  presented  below  to 
indicate  the  sensitivity  of  cost  to  two  inputs  that  cannot  be  easily  characterized  at  this 
time. 


The  sensitivity  analyses  presented  are 

•  Cost  Per  Sq  Cm  vs  Reactor  Power  and  Surface  Recombination  Coefficient 

•  Cost  Per  Sq  Cm  vs  Reactor  Power  and  Plasma  Ball  Skew  Factor  (f) 

One  assumption  which  extends  through  each  of  the  analyses  is  that  the  deposition  area 
is  assumed  to  be  a  function  of  the  reactor  power.  As  the  power  of  the  reactor  increases, 
the  deposition  area  also  increases. 

Wafer  Cost  Per  Square  Centimeter  vs  Reactor  Power  and  Surface 
Recombination  Coefficient 

Figure  6  shows  the  cost  per  square  centimeter  as  a  function  of  the  coefficient  describing 
the  atomic  hydrogen  recombination  at  the  substrate  surface  at  various  reactor  powers. 
The  graph  shows  that  the  cost  is  very  strongly  dependent  on  the  surface  recombination 
factor,  especially  at  the  low  end  of  the  reactor  power  scale.  Even  though  the  cost 
difference  is  most  dramatic  at  the  low  end  of  the  reactor  power  scale  it  should  be  noted 
that  the  difference  in  cost  resulting  fi-om  a  surface  recombination  coefficient  change 
from  0.2  to  0.05  results  in  an  order  of  magnitude  drop  in  cost  aU  along  the  reactor 
power  scale.  The  50  kW  reactors,  which  represent  the  low  end  of  the  reactor  power 
scale,  are  among  the  state-of-the-art  near  term  reactors.  As  stated  earlier  in  this  report, 
the  surface  recombination  factor  has  not  been  studied  to  the  extent  that  it  can  be  easily 
characterized  or  predicted.  Further  research  in  this  area  will  permit  more  accurate 
estimation  of  microwave  CVD  costs. 
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Wafer  Cost  Per  Square  Centimeter  vs  Reactor  Power  and  Plasma  Ball 
Skew  Factor 

Figiire  7  shows  the  cost  per  square  centimeter  as  a  function  of  the  plasma  ball  skew 
factor  at  various  reactor  powers.  The  graph  shows  that  cost  is  strongly  dependent  on 
the  plasma  ball  skew  factor.  As  the  plasma  ball  skew  factor  decreases  from  a  value  of  4 
to  2  the  cost  per  square  centimeter  drops  by  a  factor  of  3.  Again,  the  low  end  of  the 
scale  on  this  graph  represents  the  state-of-the-art  near  term  reactor.  Like  the  surface 
recombination  coefficient,  the  plasma  ball  skew  factor  has  not  been  studied  to  the  extent 
that  it  can  be  easily  characterized  or  predicted.  The  plasma  ball  skew  factor  is  most 
likely  strongly  dependent  on  reactor  geometry,  so  even  if  there  was  existing  research  in 
this  area  it  may  be  difficult  to  apply  that  research  to  a  generic  microwave  model. 
However,  further  research  in  this  area  will  permit  more  accurate  estimation  of 
microwave  CVD  costs. 
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Cost  vs  Reactor  Power  and  Plasma  Ball  Skew  Factor 


Surface  Recombination  Coefficient  =  0.1 


Figure  7 
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Summary  &  Conclusions 


IBIS  Associates,  through  Technical  Cost  Modeling  (TCM),  has  updated  its  predictive 
spreadsheet  models  of  the  DC  arcjet  and  microwave  diamond  deposition  technologies. 
This  report  presents  the  results  obtained  with  the  new  models  and  a  revised  set  of 
baseline  inputs  for  diamond  heat  sink  manufacture. 


The  cost  of  producing  1,000  polished  diamond  wafers,  1  mm  thick,  is  estimated  in  the 
long  run  to  be  $23.70  per  square  centimeter  by  the  DC  arcjet  deposition  technology  (six 
inch  diameter),  and  $8.49  per  square  centimeter  by  the  microwave  deposition 
technology  (sixteen  inch  diameter).  However,  each  of  these  estimates  embodies  many 
uncertain  assumptions,  and  these  estimates  will  be  refined  as  work  continues. 


The  major  revision  of  the  DC  Arcjet  Model  is  the  inclusion  of  the  kinetic  theory  of  DC 
arcjet  deposition  into  the  model.  According  to  this  theory,  the  key  factors  driving  the 
cost  of  thermal  management  diamond  produced  by  the  DC  arcjet  technology  are  the  gas 
temperature,  the  power  of  the  reactor,  and  the  substrate  diameter.  It  was  shown  that 
maximizing  the  gas  temperature  is  critical  to  reducing  the  cost  of  the  diamond  wafer  due 
to  its  dramatic  effect  on  growth  rate. 


The  major  revision  of  the  Microwave  Model  is  the  incorporation  of  similar  theory  of 
deposition  kinetics,  adapted  to  the  typical  conditions  of  microwave  deposition. 
According  to  the  model,  the  key  factor  driving  the  cost  of  thermal  management  diamond 
produced  by  the  microwave  technology  is  the  reactor  power.  It  is  determined  that 
research  into  atomic  hydrogen  surface  recombination  and  plasma  ball  shaping  factors 
would  increase  the  accuracy  of  cost  predictions.  . 


To  be  investigated  further  are  the  relationships  between  diamond  growth  rate  and 
process  yield  for  both  the  DC  arcjet  and  microwave  technologies.  It  is  expected  that  as 
the  growth  rate  increases,  the  yield  decreases;  yet  a  specific  relation  between  these 
factors  is  unknown.  Similarly,  the  relationship  between  substrate  diameter  and  yield 
requires  further  investigation,  due  to  the  known  complications  with  the  increase  of  this 
parameter.  Lastly,  expert  approval  of  the  models  is  continually  in  progress. 
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PROCESS  RELATED  FACTORS  -  LAPPING 

Process  In  Use?  1.00  [1-Y  0-N]  USES 

Dedicated  Investment  1.00  [1~Y  0-N]  DEDS 

Process  Yield  90.0%  YLDS 

Average  Equipment  Downtime  15.0%  DOWNS 
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Evaporator  Power  7.00  kW  POWIO 

Building  Space  Requirement  400  sqft/sta  FLRIO 

Percent  Inspection  100%  INSPIO 
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per  piece  per  year  percent  investment  per  piece  per  year  percent  Investment 

VARIABLE  COST  ELEMENTS  - VARIABLE  COST  ELEMENTS  - 

Material  Cost  $725.01  $725,009  66.3%  Material  Cost  $0.00  $0  0.0% 

Direct  Labor  Cost  $146.58  $146,579  13.4%  Direct  Labor  Cost  $5.25  $5,249  6.4% 
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Equipment  Annuity  $18,264  /yr  EINT5 

Tooling  Annuity  $94,865  /yr  TINT5 

Building  Annuity  $18,528  /yr  BINT5 

Working  Annuity  $961,714  /yr  WINT5 
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